Manganese (Mn) is an essential metal ion as a biological cofactor, but in excess, it is toxic; however, the homeostatic mechanisms of Mn at the cellular level have not been identified. We hypothesized that intracellular Mn can be modulated by proteins that could provide an insight into Mn regulatory mechanisms at the cellular level. Our experiment demonstrated that rats exposed to Mn (200 mg L À1 in water for 5 weeks) showed a significant Mn-induced decrease in total distance traveled, but daily body weight gain and feed intake were not significantly changed. The major organs showed a normal orientation and well defined histological structures without any signs of histopathological changes. We The identified proteins and biological targets may have potential applications in vivo for modulating cellular Mn content, and will help us understand the homeostatic mechanisms of Mn at the cellular level.
Introduction
Metal ions have been demonstrated to play important roles in biological systems. These roles include the structural components of biomolecules, as signaling molecules, as catalytic cofactors in hydrolytic reactions and oxidation-reduction, and in the structural rearrangements of electron transfer chemistry and organic molecules. 1 However, at high intracellular concentrations, metal ions are toxic because they can perturb cellular redox potential and produce highly reactive hydroxyl radicals. 2 The study of metal ion homeostasis and their importance for cell viability through protein-coding and regulatory machinery has been extensive. 3, 4 A battery of regulatory proteins in all cells mediate metal homeostasis by regulating the expression of genes that encode intracellular chelators, metal transporters or other detoxication enzymes. 5 The homeostasis mechanisms of metal ions are maintained by a concerted effect including metallochaperone proteins, metal transporters, transcription factors and metal responsive signaling pathways.
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Manganese (Mn) is an essential metal ion in some important physiological processes such as immune function, development, energy metabolism, reproduction, and antioxidant defenses. 7 Incorporation of Mn into metalloproteins has benecial effects, as these metalloproteins are involved with transferases, oxidoreductases, hydrolases, etc.
8 But in excess, Mn brings neurotoxicity, and as a result, the body will experience a variety of psychiatric and motor disturbances due to basal ganglia dysfunction. 9, 10 In our previous publication, we found that Mn-induced alterations are associated with metabolic responses to manganese poisoning, or manganism. Major alterations were observed in purine metabolism, amino acid metabolism and fatty acid metabolism. 11 However, little is known about the complex regulatory biology involving the intracellular handling of Mn.
The critical function of the gastrointestinal tract is absorbing nutrients and water. 12 Gastrointestinal changes could be detrimental to the performance, health and welfare of mammals. Mn uptake is regulated by the gastrointestinal tract by responding to dietary Mn levels; however, the molecular mechanisms are not fully understood. The action of the transporters involved in regulating uptake and efflux of Mn into cells is not well established and signaling pathways responsive to physiological Mn concentrations have not been described. 13 Proteomics is a mechanism-based high throughput screening approach used to identify proteins expressed that may lead to pathology or disease outcomes in tissue types or certain cells at a given moment.
14 Isobaric tags for relative and absolute quantitation (iTRAQ) is an isotope labeling technique, characterized by high throughput, high sensitivity and high accuracy-based proteomic technology. 15 iTRAQ coupled with liquid chromatography-tandem mass spectrometry (LC-MS) can produce a full set of information through simultaneously isolating and identifying hundreds of proteins. 16, 17 Proteomics technologies have the potential ability to solve ecotoxicological issues and elucidate the underlying molecular mechanisms through screening critical proteins based on the protein expression signature (PES). 18, 19 The PES is dened as the expression signature or expression pattern of a set of proteins as biomarkers. 20 Mn-specic signaling pathways or binding proteins responsive to physiological Mn concentrations in vivo have not been systematically described. To identify the differentially expressed proteins that modify cellular Mn content, the proteomics of iTRAQ was performed to identify the modiers of intracellular and cellular regulation of Mn homeostasis and trafficking. Understanding the targets of PES could provide an insight into the regulatory mechanisms of Mn at the cellular level.
Materials and methods

Ethics statement
All experiments were carried out with respect and humanely for alleviation of suffering following the protocols approved by the Institutional Animal Care and Use Committee of Lanzhou Institute of Husbandry and Pharmaceutics Sciences of the Chinese Academy of Agricultural Sciences (animal use permit: SCXK20008-0013). We received approval for the specic procedures used in this study. Animals were maintained and experiments were conducted following the recommendations in the Guide for the Use and Care of Laboratory Animals. The weight, health status and body temperature of the rats were monitored on a daily basis. They were anesthetized using sodium pentobarbital (50 mg kg À1 ) by intraperitoneal injection at the end point of the study, and then mounted in a stereotaxic device with heads held in a horizontal plane. All efforts were made to minimize suffering using analgesia, anesthesia, and post-injury care and monitoring. We conrm that the rats did not sustain any injury in our study.
Animals and experimental design
The experiment was performed on male Sprague-Dawley rats. Sixteen rats (148 AE 2 g) were randomly allocated to either the control or Mn-treated group (eight rats per treatment group) and were housed in plastic cages (5 days adaptation and 5 weeks of feeding with experimental diets). All of the rats were housed under pathogen-free conditions on a 12 h light-dark cycle at 20 AE 3 C and 40-60% relative humidity. During the rst 5 days, all groups were fed the basal diet (AIN-93G). This was prepared according to guidelines described elsewhere (35, 10 , and 6 mg kg À1 of Fe, Mn, and Cu, respectively). 21 The rats in the control group received the AIN-93G diet and non-ionic water, and those in the Mn-treated group were fed the AIN-93G diet and Mn-rich water (200 mg L
À1
) for 5 weeks. According to WHO guidelines, the risk concentration for Mn in drinking water is 0.5 mg L À1 .
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All animals had free access to their diets and water. The body weight (BW) of all rats in each group was measured weekly.
Behavior analysis
An open-eld measurement system was used to measure rats' activity at the end of the experiment; this system can automatically record all activities of the animal. Rats were transported (within their home cage) to acclimatize to the testing room for 1 hour before testing started. Control and Mn-treated rats were put in the separated testing open eld chamber (60 cm Â 60 cm Â 60 cm), and 6 min locomotor activity was automatically recorded by video surveillance. Cameras were mounted on tripods and placed parallel to the shoebox cages. The experiments were repeated three times in a 1 hour period. End points for analysis were the total distance travelled.
Tissue collection
At the end point of the study, rats were anesthetized using sodium pentobarbital. The small intestines were obtained immediately and thoroughly rinsed using normal saline then cut into 1 cm length segments and xed in 10% neutral formalin used for morphological analysis. Mucosa was obtained from the remaining segment as described previously and snap frozen using liquid nitrogen then stored at À80 C until biochemical and molecular analyses.
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The intestines, lung, spleen, kidney and testicles were harvested and rinsed using normal saline, then immersed immediately in 10% neutral buffered formalin for 24 h. A gradient of alcohols was used for dehydration, and then the tissues were embedded in paraffin using conventional methods.
11,24 The tissues were sectioned into 4 mm thick slices; slices were collected and mounted on microscope slides. For observation of morphological changes, hematoxylin-eosin staining was performed and a light microscope (Olympus x51 model, Tokyo, Japan) equipped with a camera (Olympus 20, Tokyo, Japan) was used.
Intestinal mucosa protein extraction
Total intestinal mucosa proteins were extracted according to Wang et al. 23 with slight modications. In brief, small samples of mucosal scrapings from the intestine were crushed using a mortar with liquid nitrogen. Approximately 100 mg of each powdered sample was transferred to sterile tubes with 600 mL of lysis buffer (SDT; containing 4% SDS (w/v), 100 mM Tris-HCl pH 7.6, 0.1 M DTT).
Each mixture was then sonicated in a boiling water bath using an ultrasonicator (Sonics & Materials, Newtown, CT, USA) with 100 W power output. They were sonicated 10 times with 10 s on and 15 s off cycles. Aer that, each lysed cell suspension was sonicated in a boiling water bath for 15 min to solubilize the proteins, then the suspension was centrifuged at 13 400 rpm for 25 min. The supernatant protein was collected and the protein concentration measured using the BCA (bicinchoninic acid) protein assay. The protein concentration was 23.64 AE 4.07 mg mL À1 .
Protein digestion and peptide quantitation
First, DTT was added to 40 mL of protein from each sample (until the DTT concentration was 100 mM) in a boiling water bath for 5 min, then it was cooled to room temperature. Next, 200 mL of UA buffer (150 mM Tris-HCl pH 8.0, 8 M urea) was used to remove the DTT and detergent components by ultraltration (Microcon 10 kDa centrifugal lter units), followed by centrifugation at 14 000g for 15 min. Subsequently, 100 mL of 0.05 M iodoacetamide (IAA) in UA buffer was added to the concentrate followed by centrifugation at 14 000g for 10 min. Then 100 mL UA buffer was added to the resulting concentrate with centrifugation at 14 000g for 10 min and repeating this step a further two times. Aerwards, 100 mL of Dissolution buffer was added, followed centrifugation at 14 000g for 10 min, and this step was repeated two times. Finally, the protein suspensions were digested overnight at 37 C with 40 mL trypsin buffer (3 mg trypsin in 40 mL dissolution buffer). The peptides were quantied using UV light at 280 nm. 
Peptide fractionation and LC-MS/MS analysis
Strong cation exchange (SCX) chromatography was used to fractionate iTRAQ labeled mixed peptides on a 20AD HPLC system (Shimadzu; Kyoto, Japan) using a polysulfoethyl column (5 mm, 200Å, 2.1 Â 100 mm, The Nest Group, MA, USA). Then the samples were analyzed by Q Exactive mass spectrometer (Thermo Finnigan). The samples were added to a C18-reversed phase column in buffer A, then separated with buffer B. Peptides were separated using a ow rate of 300 nL min À1 .
The gradient prole was: 0-50% B in 0 min to 220 min, 50-100% B in 220 min to 228 min and 100% B in 228 to 240 min. Tandem mass spectrometry was used to identify the different components on the top 15 ions. Full MS scans were applied at 70k resolution with a 3e6 AGC target and a scan range of 300-1800 m/z. The 10 fragment patterns were collected aer each full scan. MS2 scans were monitored with a 2.0 m/z isolation window, 17.5k resolution with a 1e5 AGC target, 60 ms maximum injection time, and a normalized collisional energy (NCE) of 30 eV.
Data analysis
MS/MS spectra were embedded in the soware of Proteome Discoverer 1.4 (thermo) against the uniprot_rat_33675_ 20141101.fasta (33 675 sequences, downloaded on 11 November 2014) and decoy databases and analyzed using Mascot 2.2 (Matrix Science). The following options were used for protein identication: peptide mass tolerance ¼ 20 ppm, enzyme ¼ trypsin, missed cleavage ¼ 2, and fragment MS/MS tolerance ¼ 0.1 Da; carbamidomethyl (C), iTRAQ8plex (K) and iTRAQ8plex (N-term) were set as xed modications; oxidation (M), iTRAQ8plex (Y), and false discovery rate (FDR) # 0.01 were set as variable modications. 26 The peak intensity was extracted using Proteome Discoverer 1.4 from each fragmentation spectrum.
The peptides identied that expressed changes in comparison with the control were calculated based on the iTRAQ reporter ion intensities. Twofold changed cut-offs were selected as signicantly changed to categorize proteins based on statistical analysis and relative quantication, that is, the proteins were considered to be up-regulated if iTRAQ ratios > 1.2, whereas they were considered to be down-regulated if iTRAQ ratios < 0.83.
Bioinformatics
Proteins were further analyzed for biological and functional relevance based on statistically signicant differences. These proteins were classied using their gene function and the freely available Gene Ontology (GO) by biological pathways. NCBI BLAST+ client soware was used to identify homologous proteins based on the functional annotation to transfer to the targeted proteins. The top 10 blast hits for each query protein with an E-value less than 1 Â 10 À3 were retrieved and loaded into Blast2GO (Version 2.7.2) for GO pathway annotation and mapping using the Kyoto Encyclopedia of Genes and Genomes (KEGG) Automatic Annotation Server (http://www.genome.jp/ tools/kaas/). In addition, a functional and differentially expressed protein association network was built using Search Tool of the Retrieval of Interacting Genes/Proteins (STRING; http://string.embl.de/).
Statistical analysis
Statistical analyses were conducted using SPSS version 19.0 soware (SPSS, Inc., Chicago, IL, USA) and a difference at P < 0.05 was considered to be statistically signicant. Data were expressed as mean AE S.D.
Results and discussion
Mn exposure signicantly decreased locomotion
The open eld test is a widely used procedure for examining the behavioral effects of drugs. 27 Because altered locomotion is associated with Mn exposure, we conducted behavioral analysis during the h week of Mn exposure using video surveillance to monitor Mn-induced changes in activity. Depicting behaviors revealed a signicant Mn-induced decrease in total activity in the Mn-exposed group (P < 0.01), measured as total distance traveled at the end of the experiment (Fig. 1) . Excess Mn in the brain is neurotoxic and known as manganism. 28 Previous studies have reported that excess Mn will produce a variety of psychiatric and motor disturbances including decreased motor skills, memory decits and psychotic behavior resembling Parkinson's disease due to basal ganglia dysfunction.
9,10, 28 The results indicated that a model of Mn poisoning was established and the behavioral patterns displayed signicant changes in the body produced by motor disturbances due to excess Mn which could lead to the accumulation of neurobrillary tangles (striatum, globus pallidus and substantia nigra), 29 a hallmark of Parkinson's disease.
Effect of manganese exposures on body weight of rats
Body weights (BW) of rats during each week of the experiment are shown in Fig. 2 . The BW increased gradually, but the doses and period of Mn exposures had no signicant effect on the BW of Mn-treated rats compared with the control group in this study (P > 0.05). Our experiment demonstrated that longer Mn exposure time inuenced the behavioral pattern of animals, but feed intake and daily BW gain were not signicantly different.
Effect of manganese exposure on histopathology
The histopathology of the major organs was studied. No histopathological changes were observed in the intestine, lung, spleen, kidney and testicle of the rats aer exposure to Mn at 200 mg L À1 for 5 weeks (Fig. 3) . The small intestine of mammalians provides an extensive contact surface for ingested compounds. Absorption and metabolism of xenobiotics, nutrients and drugs are enabled by the unique morphological and functional properties of the small intestine. 30 Horning et al. reported that the nervous system is the primary target for excessive Mn, and that Mn exposure has not been linked with damage to the kidney, liver, skin, blood, or stomach.
7 But in our previous study, we found extensive necrosis and dissolved nuclei in hepatic tissue in the Mn-treated group of rats.
11 The reason for this phenomenon is because the liver plays a major role in Mn excretion, and impairment of liver function results in excessive retention of Mn. 31 Our results indicated that Mn exposure did not damage every organ in the body.
Proteomic alterations of small intestine in response to Mn-treated
The homeostasis of transition metal ions in all cells are mediated by a list of regulatory proteins through modulating the expression of genes that encode intracellular chelators, metal transporters and/or other detoxication enzymes.
5 Small intestinal enterocytes contain a large variety of regulatory proteins, plasma membrane transporters, intracellular binding proteins, metabolic enzymes, and others within the basolateral membrane. 30, 32 The enterocytes have a rapid turnover, which allows quick cellular adaptation and quick replacement of cells in response to diets or exposure to xenobiotics. 30 The advantages of proteomics technology are high throughput, high sensitivity, rapid testing of small molecules, and discovery of new proteins that are related to disease.
33 iTRAQ along with LC-MS is a robust protein discovery technique, allowing the determination of which proteins are affected in intestinal mucosa cells under biologically relevant Mn exposures. Our application of iTRAQ-based proteomic technology targeted specic enzymatic or protein processes with rapid testing of small molecules. This approach would be expected to lead to many potential protein or biological targets.
In the current study, rats were treated with Mn for 5 weeks, and at the end of the experiment, the small intestine mucosa were collected and used for protein extraction, protein digestion and iTRAQ labeling to provide more information about proteomes on exposure to Mn. A total of 3012 proteins in intestinal mucosa cells were quantitatively and qualitatively analysed by iTRAQ in this study. The statistically signicant proteins were detected using the ANOVA test (P < 0.05), and if the iTRAQ ratio was less than 1.2, the proteins were discarded. A total of 175 intestinal mucosa proteins passed the criteria, and may modulate intracellular Mn levels based on their statistically signicant abundance (P < 0.05) ( Table 1 ). Table 1 shows that the expression of 108 different proteins in rat small intestinal mucosa were down-regulated, whereas 67 were up-regulated. The 175 proteins were assigned to seven functional groups, i.e. metabolism (amino acid, lipid and sugar metabolism), binding proteins, disease (Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, etc.), cellular component and process, oxidative stress, signaling pathway, and enzymatic activity based on Gene Ontology (GO) classication (Table 1) . This small group of proteins will help us understand the homeostatic processes mediating normal cellular Mn content. Among these proteins, fatty acid-binding protein (P02692) was down-regulated aer Mn exposure. Fatty acid-binding protein is an important cytosolic protein in small intestine epithelial cells, and participates in the uptake, intracellular metabolism and transport of long chain fatty acids. 34 The downregulation of fatty acid-binding protein in our study suggested that Mn exposure might have interrupted the lipid metabolism and fatty acid transport of the intestine. Apart from this protein, chymotrypsin (P00774, F1MA56, P00773 and G3V8J3) and trypsin (G3V7Q8, P00762 and P00763), two important proteolytic enzymes involved in the digestive systems of mammals, 35 were signicantly down-regulated aer Mn exposure. Hence, we speculated that a high concentration of Mn ion might destroy the absorptive functions of the intestinal epithelium through inhibiting the activities of digestive enzymes.
The 
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Oxidative stress and dysregulation of neurological signaling seem to be the mechanisms involved in the neurodegeneration caused by Mn, and they have been found as a consequence of Mn toxicity in the brain. [38] [39] [40] Our proteomic analysis found that 10 proteins related to oxidative stress were down-regulated signicantly in Mn-treated rats. Peroxiredoxin (Q9Z0V5) is a highly expressed antioxidant enzyme that catalyzes and scavenges hydrogen peroxide and other ROS. 35 The present study also demonstrated that Mn exposure decreases the activities of 17b-hydroxysteroid dehydrogenase (Q5M875). Interactions between the antioxidant and steroidogenic enzyme systems are physiologically relevant. 41 The data on antioxidant status in Mntreated rats obtained in the present study are in agreement with the observed changes in the activities of steroidogenic enzymes indicating an imbalance in pro-oxidant and antioxidant systems, leading to oxidative stress in manganese-exposed rats. Heat shock proteins are highly regulated proteins that are involved in normal cellular activity, but when the cell is exposed to heat or excess ROS production, they will be up-regulated.
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Our results found that the level of heat shock protein (G3V913) increased aer Mn exposure. This result indicated that Mn exposure might induce excess ROS production in the intestine, which enhances the expression of heat shock protein and depresses the expression of antioxidative enzymes, and subsequently destroys the antioxidant defense barrier of the intestines.
The altered expression of components of protein complexes that are involved in RNA processing and protein translation was also observed in our study. Although changed protein concentrations cannot be directly correlated with changed functions, the resulting changes strongly indicate altered digestion, absorption, and metabolism as well as oxidative stress within the small intestine.
Gene Ontology annotation
Gene Ontology (GO) functional annotation and enrichment analysis are useful for the analysis of large genomic and proteomic datasets. 43 The biological events behind the data can be speculated through examining signicantly overrepresented GO terms and provide a primary overview of the intestinal mucosa proteome. Blast2GO (Version 2.8.0) uses NCBI BLAST to nd homologous sequences for each obtained hit. Functional classication of the identied proteins to the query sequence according to GO resulted in an assessment of the cellular compartments, molecular function, and biological process represented. Enrichment analysis of GO category was conducted using 175 differentially expressed proteins that represent the overall trends of the specic functional categories enriched in intestinal mucosa cells in order to gain more insight into the biological signicance of the differentially expressed proteins. Here, 138 proteins (79.77%) from intestinal mucosa cells with 5079 annotation terms were involved in the GO categories molecular function, biological process, and cellular component (Fig. 4) . In the category of molecular function, the majority of differential proteins were found in binding (45.7%), catalytic activity (41.7%), transporter activity (3.5%) and structural molecule activity (3.5%) (Fig. 4a) . The binding functions included nucleic acid and nucleotide binding, ion binding and protein binding that were mainly at the intracellular level, while catalytic activities included hydrolase and transferase activities. 44 The category cellular component involved locations, subcellular structures, and macromolecular complexes, such as telomere, nucleus, and origin recognition complex. The differentially abundant proteins in our study were related to cellular components in the intracellular space (38.7%), organelle (26.9%), membrane (12.5%), macromolecular complex (11.8%) and extracellular region (5.4%) (Fig. 4b) . The nal category, biological process included broad biological goals, such as purine metabolism or mitosis. The majority of proteins in our study were found in cellular process (17.4%), metabolic process (16.1%), single organism process (15.6%), response to stimulus (10.2%), biological regulation (9.8%) and multicellular organismal process (8.5%) (Fig. 4c) . The functional annotation will help us to effectively analyze the differentially expressed unigenes caused by Mn exposure.
KEGG automatic annotation server (KAAS)
KEGG pathway enrichment can reveal protein functional information in the metabolic pathway through analyzing the differentially expressed proteins. 45 The KEGG pathway is a collection of manually drawn pathway maps graphically displaying the distribution of differentially expressed genes among the biochemical pathways. In our study, intestinal mucosa proteins in Mn-treated rats were annotated to biochemical pathways from the KO number of the homologous/similar proteins through aligning with rat protein sequences in the KEGG GENES database using KAAS. The signal/metabolic pathway associations for 93 differential proteins with 140 unique KEGG orthologues were established. The most represented KEGG maps were protein processing in pancreatic secretion (15 members, path: ko04792), bile secretion (2 members, path: ko04976); protein digestion and absorption (10 members, path: ko04974), fat digestion and absorption (7 members, path: ko04975), biosynthesis of amino acids (6 members, path: ko01230), glycerolipid metabolism (5 members, path: ko00561), glycine, serine and threonine metabolism (5 members, path: ko00260), arginine and proline metabolism (3 members, path: ko00330), cysteine and methionine metabolism (3 members, path: ko00270), carbohydrate digestion and absorption (3 members, path: ko04973); Huntington's disease (4 members, path: ko05016), Alzheimer's disease (3 members, path: ko05010), Parkinson's disease (2 members, path: ko05012), etc. (Fig. 5) . Upon Mn exposure, profound metabolic changes and activation/deactivation occur in a vast number of intracellular pathways. Mn 2+ is taken up by glucose-activated b-cells, resulting in a robust signal increase in glucose-stimulated rodent b-cell lines and in islets. 46 Mn 2+ can be used to characterize isolated islet potency in vitro and assess the functionality of both graed and endogenous pancreatic islets in vivo. 47 Mn 2+ is excreted from blood into bile to form complexes with bile acids. 28 Our results showed that high concentrations of Mn 2+ disturbed the secretion of pancreas and bile, which is consistent with the above theories. Mineral metabolism can interact with the metabolism of macronutrients such as proteins and fats. 48 Our study also demonstrated that Mn exposure is associated with signicantly perturbed amino acid metabolism, fatty acid metabolism and carbohydrate metabolism. These results are consistent with our previous nding that Mn exposure signi-cantly altered the concentrations of 36 metabolites in the plasma of rats, which were associated with amino acid metabolism and fatty acid metabolism.
11 Exposure to high Mn levels causes neurodegenerative diseases including Parkinson's disease, Huntington's disease and Alzheimer's disease, 49 caused by Mn preferentially accumulating in the globus pallidus, striatum, substantia nigra and subthalamic nucleus. 50 The results observed in this study were consistent with these important ndings.
Protein-protein interaction analysis
The elementary part of protein complexes is protein function in living cells. However, protein function does not act independently. In addition to KEGG, the protein-protein interactions (PPI) network was also constructed using STRING Database version 10.5. Fig. 6 shows the results that were in accordance with the Pathway and GO analysis highlighting different groups of PPI; 16 proteins have various relationships in PPI and were recognized as key nodes: anionic trypsin-1 (Prss1), chymotrypsin-like elastase family member 2A (Cela2a), chymotrypsin-like protease CTRL-1 precursor (Ctrl), chymotrypsin-like elastase family member 3B precursor (Cela3b), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), peroxiredoxin-4 (Prdx4), chymotrypsin-like elastase family member 1 (Cela1), Rho-related GTP-binding protein RhoB (Rhob), carboxypeptidase A1 (Cpa1), electron carrier protein (LOC690675), histone H3 (Hist2h3c2), GDH/ 6PGL endoplasmic bifunctional protein precursor (H6pb), calcium/calmodulin-dependent protein kinase type 1 (Camk1), protein LOC298795 (Sfn), actin (Acta1) and solute carrier family 2 (Slc2a5). A number of proteins were associated with pancreatic secretion, protein digestion and absorption: Cela2a, Cela3b, Cpa1, Ctrl, Pnlip, Prss1, Try4; with metabolic pathways: Alpi, Asah2, Asns, Atp5g1, Cpox, Cth, Ctps, Gatm, Gmppb, H6pd, LOC690675, Mri1, Nsdhl, Pc, Pnlip, Psat1, Pycr1, Tst; with proteasome: psma1, psma2, psma3, psma4, psmb7; and with structural molecule activity: Rplp1, Rps27l, RGD1564095, Rps3a, Rps11, Rps15, Rps16, Csnk1d; which were differentially expressed through Mn exposure. Mn is a cofactor in numerous enzymatic processes, so it is essential for brain biology and physiology. But excessive levels of Mn in two neurodegenerative syndromes (Huntington and Parkinson's disease) result in neuronal loss in the basal ganglia, 51, 52 pathological changes in the striatum, 53 as well as having effects on mitochondrial dysfunction and disruption of cellular energy metabolism.
7,54 Specically, we found that four proteins were involved in Huntington's disease, Alzheimer's disease and Parkinson's disease: Gapdh, Atp5g1, OC690675, and Creb1. S100 proteins are calciumbinding proteins that are involved in controlling diverse extracellular and intracellular processes such as differentiation, cell growth, and antimicrobial function. 55,56 S100 protein family members exhibit variable affinities for oligomerization properties, post-translational modications, divalent metal ions, and unique spatial/temporal expression patterns. 57 In our study, the mineral absorption associated protein (S100G) was also differentially expressed. Results of the current study indicated that Mn exposure altered the small intestinal proteomes in rats. 
Conclusions
All organisms require mechanisms for sensing small uctua-tions to maintain a controlled balance of efflux, uptake, and sequestration in metal levels and to ensure that metal availability is physiologically controlled. 2 In conclusion, chronic exposure to a high concentration of Mn signicantly changed the behavioral patterns in the rat producing motor disturbances and altering the protein expression prole in rats' intestinal mucosa cells. A total of 175 intestinal mucosa proteins that may regulate Mn levels were identied using iTRAQ-based proteomic technology under biologically relevant Mn exposures. These proteins are involved in pancreatic secretion, protein digestion and absorption, fat digestion and absorption, biosynthesis of amino acids, Alzheimer's and Parkinson's disease, etc. The targets of these proteins related to Mn exposure may improve our understanding of the regulation of Mn homeostasis and intracellular and cellular Mn trafficking.
